Development of endotokia matricida and emergence of originating infective juveniles from maternal cadavers were comparatively investigated in vivo and in vitro for Heterorhabditis bacteriophora, Steinernema glaseri, and S. carpocapsae. In the host insect Galleria mellonella larvae, endotokia matricida develop more fast and frequently in the 1st to 3rd generation females of the heterorhabditid than of the two steinernematids. The ratio of females bearing endotokia matricida increased with the increase of the inoculum size from 25 to 1,600 per host insect. The infective juveniles produced via endotokia matricida emerged mainly from natural openings of the maternal cadavers for the two steinernematid nematodes, while those of the heterorhabditid did mainly transcuticularly. Under in vitro conditions, induction rate of endotokia matricida was higher in RINGER'S solution than on nutrient agar amended with or without the symbiotic bacteria of respective nematode species. Jpn. J. Nematol. 31 (1/2) : 26-36 (2001).
Time course of nematode development and endotokia matricida: Figure 2 shows the occurrences of the 1st to 3rd generation females and of endotokia matricida in maternal bodies. Immature females of the three nematode species tested appeared likewise in 36 hr after inoculation. The ensuing nematode development was the fastest for H. bacteriophora, followed by S. glaseri and S. carpocapsae. For H. bacteriophora, the 1st, 2nd, and 3rd generation female adults appeared 84, 156, and 192 hr after nematode inoculation. A time lag from the occurrence of adult female to endotokia matricida was 36, 24, and 24 hr for the 1st, 2nd, and 3rd generation, respectively. In the two steinernematids, the time lag was 24 hr for Days after inoculation the 2nd and 3rd generation, but for the 1st generation it was 48 hr in S. carpocapsae and 36 hr in S. glaseri. Difference in the occurrence of endotokia matricida: As shown in Fig. 3 , the ratio of females bearing endotokia matricida increased with time after nematode inoculation. Throughout the experiment period of 12 days, the ratio was higher in H. bacteriophora than in the two steinermatid species. On the 12th day after inoculation, the ratio was ca. 80, 63, and 46% for H. bacteriophora, S. glaseri, and S. carpocapsae, respectively.
Juvenile production: Total number of juveniles produced by the 1st generation adult was significantly larger than that of the 2nd and 3rd generation females in all nematodes tested (Fig. 4) . It was ca. 496 for H. bacteriophora and this value was significantly greater than that of S. carpocapsae (ca. 204) and S. glaseri (ca. 151). The ratio of IJs to parasitic ones produced by the 1st generation adult was ca. 53% for H. bacteriophora and S. glaseri and ca. 45% for S. carpocapsae. Without exception, the ratio was higher in the order of 3rd, 2nd, and 1st generations. All juveniles produced by the 3rd generation females of H. bacteriophora and S. glaseri were the infective ones. Juvenile composition of S. carpocapsae was different from the other two species tested; ca. 40% of juveniles produced by the 3rd generation female were still in the stage of parasitic ones.
Emergence routes of juveniles from maternal cadavers: The IJs produced via endotokia matricida emerged out transcuticularly and through natural openings such as mouth, vulva and anus of maternal cadavers ( Table 1) . Regardless of the emerging routes, the juveniles showed similar behavior prior to emergence. Namely, they began to move very actively, thrust their anterior part at mother's body cuticle or natural openings for several minutes, and finally emerged out. Frequently the emergence comprised a Days after inoculation Number of juveniles produced per female Fig. 4 . Juvenile production by the 1st, 2nd, and 3rd generation females of H. bacteriophora, S. glaseri, and S. carpocapsae. IJ; infective juvenile. lst-GF, 2nd-GF, 3rd-GF indicate the 1st, 2nd, and 3rd generation females, respectively. J1, J2, and 33 indicate parasitic 1st, 2nd, and 3rd stage juveniles, respectively. Steinernema glaseri and S. carpocapsae closely resembled in the emergence of their IJs: the emergence rate was the highest from the cuticle, followed by anus or mouth, or vulva. Mode of emergence of H. bacteriophora was different from the steinernematids: ca. 75% of IJs emerged transcuticularly and the rate of emergence was rather lower from natural openings. Effects of inoculum density on induction of endotokia matricida: In all nematode species tested, the ratio of females bearing endotokia matricida increased with the increase of inoculum levels from 25 to 1,600 IJs per G. mellonella larva (Fig. 5) . At the higher two inoculum levels, endotokia matricida occurred 2 days after nematode inoculation for H. bacteriophora and S. glaseri, and 3 days after for S. carpocapsae . The ratio of females bearing endotokia matricida increased more rapidly in the former two species than the latter. For all nematode species, the ratios at the two higher inocula (800 and 1,600 IJs) were significantly higher than those at the two lower ones (25 and 50 IJs). It was 6 days after when females bearing endotokia matricida occurred at the lowest inoculum. At the end of experiment period of 7 days, the ratio of females bearing endotokia matricida receiving the highest inoculum was 5.4, 7.7 and 2.9 times higher than the ratio of females receiving the lowest inoculum for H. bacteriophora, S. glaseri, and S. carpocapsae. Effects of incubation media: The ratio of females bearing endotokia matricida was the highest in those incubated in RINGER'S solution, then followed by nutrient agar, and the nutrient agar added with one of the symbiotic bacteria of H. bacteriophora, S. glaseri, and S. carpocapsae (Fig. 6) . Without exception, the ratio was significantly higher in RINGER'S solution than on the two kinds of nutrient agar. On 48 hr after nematode incubation, the ratio in RINGER'S solution was about twice as large as those in the nutrient agar with and without symbiotic bacteria.
DISCUSSION
The life cycle of entomopathogenic steinernematid and heterorhabditid nematodes is apparently different, that is, the mode of reproduction of the 1st generation adults is bisexual for Steinernema (9, 25) while it is hermaphrodite for Heterorhabditis which starts bisexual reproduction from the 2nd generation (6, 26) . Nematode growth starts with invasion of IJs into host insects, then the nematodes molt to parasitic 4th stage, develop to the 1st, 2nd, and 3rd generation adults producing progenies. Finally newly produced IJs emerge out of the host insects as an infection source for species maintenance (14, 20, 24) .
The IJs are generally produced as offspring of the 2nd or 3rd generation females (15, 16) , although a few IJs are produced as a result of endo-H. bacteriophora S. glaseri S. carpocapsae tokia matricida in the 1st generation females of Steinernema spp. (20, 22) and hermaphrodites of Heterorhabditis spp. (20) . In most of the previous studies, their attention has been placed mainly on the production and/or pathogenicity of IJs (3, 6, 12, 17) . Contrarily, not so much attention has been placed on the origin of juveniles where they come from (20) . Our present study shows in some detail the production of IJs via endotokia matricida which is generally considered as the failure of normally oviparous nematodes to deposit their eggs which may then accumulate and continue development within the female body. When we made comparison among H. bacteriophora, S. glaseri, and S. carpocapsae, the former was different from the latter two in the occurrence rate of endotokia matricida and the production of IJs: the heterorhabditid developed more quickly and produced more IJs than the two steinernematids. Endotokia matricida is not obligatory in the 1st generation females (8, 20) and it occurs quite frequently in the 2nd and 3rd generation females of EPNs (14, 20) . Irrespective of the nematode species tested in the present study, endotokia matricida occurred even in actively moving adults of the 1st generation, although it occurred more frequently and profoundly in the aged ones. In the females of the 1st
Vol.31 No.1/2 Japanese Journal of Nematology December, 2001 to 3rd generation, endotokia matricida starts with the hatching of the 1st stage juvenile which feeds first on developing embryos and then on the other parts of maternal bodies, resulting in mother's death (14) .
In our experiments, the host insect used was G. mellonella larvae which were highly susceptible to nematode infection and support the growth and reproduction of various EPNs (9, 12, 20) . The results obtained using this insect was different from the results of other investigators. For example, the 2nd generation females of S. carpocapsae did not develop in Tribolium sp. (22) and all IJs produced via endotokia matricida was encapsulated and died in aphids (13) . These facts may indicate that endotokia matricida and ensuing juvenile growth in maternal body occur differently in the host insects with different susceptibility and defense mechanism against invading nematodes (22) . In the present microscopic observation, IJs were ensured to be produced in/out of hermaphrodite and female adult body. This fact indicates that the IJs emerging out of insect cadavers are, at least partly, those developed via endotokia matricida. Regarding the factors involved in IJs induction, a nutritional deficiency (15, 16) , a pheromone (5) , and a change of symbiotic bacterium from the primary to the secondary form (14) have proposed so far. Among these factors, the last one seems not essential because IJs can be also produced in aseptic host insects and on axenic culture media free from any microorganism (10) . As is mentioned below, nutritional deficiency seems a key factor for IJs development via endotokia matricida . On the role of pheromone, it remains to be studied. Anyway environmental conditions in the female uterus and/or other factors are responsible for IJs formation via endotokia matricida, as was suggested by other investigators (8, 22, 23) . For H. bacteriophora, WANG and BEDDING (20) demonstrated that a mechanism became in action when the hermaphrodite and female adults matured to safely sequester the formation of IJs.
The maternal cadavers were left by the IJs produced via endotokia matricida (23) . In the present study, these IJs emerged transcuticularly and through natural openings (mouth, vulva, and anus) of maternal cadavers. Interestingly enough the ratio of the routes where the IJs emerged was different between the steinernematid and heterorhabditid: the main exit for the former was the natural openings and for the latter the cuticle. The higher rate of transcuticular emergence of the heterorhabditid may due to a structural characteristic of the nematode head armed with a pointed projection, which play quite probably a role in mechanical puncturing of maternal cuticle (19) . Along with the emergence of IJs, some parasitic juveniles emerged and were remaining around the IJs-made holes where some chemicals might have diffused out from the maternal body. This fact may also suggest that some hatched juveniles and ensuing parasitic juveniles are leaving the mother's body where the food for nematodes is lacking.
The IJs are considered to be induced by either one or all of the combined three factors indicated above. In the present study, we did not study on the role of pheromone and symbiotic bacterial forms, but our results strongly indicated that a nutritional factor was also critically important for induction of endotokia matricida. Namely the ratio of females bearing endotokia matricida increased with the increase of inoculum levels of IJs resulting in an early consumption of nutrient available for developing nematodes in the host body. This result is coincided with the work conducted by WOUTS (25) and JOHNIGK and EHLERS (8) who found that both food supply and population density strongly influenced the development of endotokia matricida in H. bacteriophora. This assumption is clearly supported too by our finding that endotokia matricida occurred more frequently in the females incubated in RINGER'S solution containing no nutrient than in those placed on a nutrient agar medium, particularly on the medium added with symbiotic bacteria used as nematode food in vivo and in vitro (3) . The presence of symbiotic bacteria may prolong the egg-laying period and so delay the occurrence of endotokia matricida (8) . On the other hand, the increasing number of females bearing endotokia matricida makes us speculate a presence of chemical factor (s) inducing endotokia matricida. All of the above findings indicate that IJs are produced primarily under nutritionally adverse conditions (8, 15, 20) . However, the relation between the induction of endotokia matricida and of IJs is not well understood yet.
Endotokia matricida in EPNs seems not merely an accidental event but somewhat an adaptive strategy securing reproduction and survival of the nematodes whose life is entirely depending on host insects present as a limited nutritional source. Here we described in some detail an occurrence of endotokia matricida and emergence of resulting IJs in H. bacteriophora, S. glaseri, and S. carpocapsae. For the better understanding of biological significance of endotokia matricida in these and other nematodes, its induction and switching mechanism leading to an induction of either parasitic or IJs in maternal body is remained to be further investigated.
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